This review describes the principle and applications of bioluminescent enzymatic toxicity bioassays. This type of assays uses bacterial coupled enzyme systems: NADH:FMNoxidoreductase and luciferase to replace living organisms in developing cost-competitive biosensors for environmental, medical and industrial applications. These biosensors instantly signal chemical and biological hazards and allow for detecting a great amount of toxic compounds with advantages associated with fast results, high sensitivity, simplicity, low cost and safety of the procedure.
Introduction
Historically, the application of bacterial luminescence in toxicology began with the usage of luminous bacteria for ecological monitoring and they are still widely used [1-3]. These methods made it possible to determine environmental pollution by comparing the light emission intensity of luminous bacteria in control with samples. As opposed to other test objects such as paramecia, algae, crustaceans, and so on, the bioluminescent assay is faster (typically < 30 min).
However, as with other living organisms, living luminous bacteria is petulant. The failure to maintain the stable state of bacterial culture during measurements and storage results in low accuracy of measurement, a clear disadvantage of this method caused by the "petulance". The bacteria react to the appearance of toxic substances either by decreasing or by increasing the luminous intensity, often leading to ambiguous interpretation of results. Because of these shortcomings the assay based on luminous bacteria didn't show very good results in ecological laboratories. To overcome those difficulties it was suggested to use enzymes of luminous bacteria NAD(P)H:FMN-oxidoreductase and luciferase in soluble and immobilized forms [4, 5] .
Since 1990, bioluminescent enzymatic toxicity assay has been developed [5] , and is nowadays actively used in ecology, medicine, agriculture, and other areas [6] [7] [8] .
Principle of bioluminescent enzymatic toxicity assays
The bacterial coupled enzyme system: NAD(P)H:FMN-oxidoreductase + luciferase Application of bioluminescent enzymatic toxicity assays is justified by the fact that Red as a part of these enzymatic assays is present in all living organisms, leading to good correlation between the effect of toxic substances on living organisms and that of the coupled enzyme system from the luminous bacteria [6] . The bioluminescent toxicity enzymatic assay is based on the inhibition of Red and/or Luc activities by the toxic components of analyzed samples [10] [11] [12] .
A classification of inhibitors according to the mechanism of their influence on enzymes activity was proposed [13] [14] . There are four possible ways in which exogenous compounds act on a bioluminescence: 1) influence on energy transport processes, 2) influence on hydrogen transport processes, 3) influence on electron transfer processes in bioluminescent enzymatic reactions, and 4) interaction of pollutants with the enzymes Red and Luc. Knowing the mechanisms, it is possible to predict the results and change the sensitivity of assays to certain pollutant groups [11] [12] 15 ].
The bioluminescent enzymatic toxicity assay can be carried out using different schemes ( Fig. 1) . The first scheme places a cuvette with all the necessary components of the bacterial coupled enzyme system (enzymes, their substrates and buffer solution) into a bioluminometer, register the maximum steady light emission intensity Ic (control), then add the sample or pollutant solution into the cuvette, and again registers the maximum light emission intensity Iexp (Fig. 1A) . This approach is the quickest and has demonstrated good repeatability of results. The second scheme involves testing of the control sample (usually distilled water or buffer solution) and analyzed sample in different cuvettes [17] [18] . This approach is possible to achieve higher sensitivity of the assays to the toxic substances. The results are also calculated by the values of TC and kd. But in that case, it is possible to use one more parameter -the time when the coupled enzyme system reached the luminescence maximum (Tmax; Fig. 1B ) [16] .
The principles of bioluminescent enzymatic toxicity assay were successfully used for the analysis of aquatic environments [19-21] as well as air and soil pollutions [22] [23] .
A new trend in using bioluminescent enzymatic toxicity assay is the assessment of To develop the set of bioluminescent enzymatic toxicity assays different enzyme interaction mechanisms were suggested (Fig. 2) . For example, in research by Kratasyuk et al.
[19] to estimate toxicity of water samples two enzymes were chosen: alcohol dehydrogenase (ADH) and trypsin, because they belong to different classes (oxidoreductases and hydrolases), and secondly, because they interact differently with bacterial luciferase, providing different sensitivity to the toxic substances [30] [31] . The Influence of toxic compounds on the activities of the triple enzyme system with ADH and trypsin were measured using the bioluminescence decay constant ( Fig. 3) . Several substrates of bacterial bioluminescent reaction can be co-immobilized together with the coupled enzyme system to make the final reaction mixture much simpler. For example, homogeneous multicomponent reagent named Enzymolum contains the enzymes Red and Luc, their substrates (myristic aldehyde and NADH) and buffer salts, co-immobilized in gelatin or starch gel [40] . The reagent can be used in the cuvette bioluminometer since it is currently produced in tablet form ( Fig. 4) .
Fig. (4).
The rapidity (the time of analysis does not exceed 5 min), a one-step measuring procedure, high sensitivity and the possibility of automation are the advantages of enzymatic assays using Enzymolum [6, 18].
Bioluminescent enzymatic toxicity assays of individual toxic substances
Assay of acrylonitrile in air was one of the first cases when bioluminescent enzymatic toxicity assay was applied for air toxicity control. Acrylonitrile is a carcinogenic compound and may be the reason of lung cancer. Therefore, it is very important to control the acrylonitrile content in air at the facilities of chemical industry. To prepare the sample for the assay acrilonitrile was Nevertheless methods based on the use of enzymatic bioluminescent bacterial system Red + Luc are applied for food product quality rarely. Examples of bioluminescent enzymatic toxicity assays for agriculture and food industry are presented below.
The first example is evaluation of wheat grain infection with Fusarium. Mycotoxins of fungi of the genus Fusarium in feeding causes poisoning and even death of animals.
International standards for grain quality and medical and biological requirements for food quality require that grain contamination with Fusarium should be controlled at the stages of crop harvesting, purchase, and processing. To develop rapid analysis of wheat grain infection with
Fusarium the effects of their mycotoxins on the coupled enzyme system were studied at first and the strong inhibition of enzymatic activity was observed. The sensitivity of the coupled enzyme system Red + Luc to mycotoxins decreased in the following order: zearalenone, deoxynivalenol,
toxin T-2, and diacetoxiscripenol [73] . Further, in study [74] it has been shown that the efficiency of Red + Luc activity inhibition by wheat extracts depended on the severity of grain infection with Fusarium. Moreover, the inhibition was caused not only by mycotoxins but also by other metabolites of Fusarium, which were accumulated in infected grain. The inhibition of bioluminescence depended on the geographical origin and growth conditions of the grain. These differences were able to minimize due to the method of sample preparation [74] .
Another example is assessment of food additives safety. The sodium benzoate (Е 211), potassium sorbate (Е 202) and sorbic acid (Е 200) and such nanomaterials as Ag, Cu, Сu2О were tested [75] . The loss of luminescence intensity of Luc +LDH, respectively. The values of EC50 estimated by enzymatic assays were over two times less than that for the biological assays mentioned above [75] . It was shown that both copper and copper oxide (I) nanoparticles had a strong inhibitory effect on Red + Luc. Values of EC50 were equal 4 μM and 1.5 μM for copper nanoparticles and Cu2O, respectively. Value of EC50 for silver nanoparticles was 0.18 mM [75] . The bioluminescent enzymatic toxicity assay indicated the negative effect of food additives in the much lower concentrations than its actual maximum content in food products.
There is a problem which is extremely vital both for agriculture and food industry. It is pesticides. Pesticides can be carcinogenic or mutagenic, or they can affect the endocrine, Sensitivities of the triple enzyme systems to pyrethroid pesticides were similar to those of in vivo assay based on luminous bacteria (0.9-5 mg·L -1 ).
Bioluminescent enzymatic toxicity assays in medicine
Bioluminescent enzymatic toxicity assays are also very promising for use in medical research, for example for evaluating the gravity of endotoxicosis during treatment in surgery and therapy. This is based on the fact that the effect of the blood serum of donors on this assay differs markedly from that of patients. It has been shown that blood serum of a patient inhibits bioluminescence less than that of a donor. Two modifications of the assay using luciferase and A very interesting and promising trend in the development of bioluminescent enzymatic toxicity assay is the creation of rapid analysis for the assessment of human organism reaction to physical and mental stress. Analysis is made by comparing the light emission intensity of the coupled enzyme system Red + Luc in the presence of a person's saliva taken before and after a certain stress load. The main advantage of the assay is noninvasiveness, because human saliva is analyzed, which reflects the functional state of a person just as blood does [85] .
CONCLUSION
In summary, we describe here a new approach in developing bacterial bioluminescent enzymatic biosensors, application to toxicity bioassays, and the needed reagents. To solve the problem of how to detect, identify, and measure the numerous chemical compounds in environmental monitoring, food product contamination, and medical diagnostics, the bioluminescent enzymatic toxicity assays were proposed, wherein the bacterial coupled enzyme system NAD(P)H:FMNoxidoreductase-luciferase substitutes for older methods using living organisms. The immobilized reagent Enzymolum was used to facilitate and accelerate the development of the bioluminescent enzymatic systems as biological part of biosensors for toxicological assays. The reagent is easy to use and convenient to be applied not only in toxicology studies but also in education, mainly in ecological and enzymological practical courses [86] [87] [88] . Prototype biosensors offer cost advantages, versatility, high sensitivity, rapid response, extended shelf-life and flexible storage conditions.
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